This research analysed in detail the performance of the new alternative ignition propensity test prescribed in the standard ASTM E2187-16, which is based on the utilization of a substrate comprising a thin steel plate along with one filter paper. The analysis was performed both experimentally, by means of infrared temperature measurements, and theoretically by using a comprehensive finite element model that was able to predict the temperature of the substrate with errors of only 7.3% and 15.7% in space and time, respectively. While the new alternative test was able to reduce the variability of the heat absorbance from 33% to only 4% with respect to the conventional tests, it showed several downsides that critically reduce its reliability. The heat absorbance of the alternative test did not correctly emulate the conventional procedure as it absorbed as much heat as twice. The gravity effect on the plate increased the air gap thickness more than twice, thereby decreasing potentially the heat absorbance by 13%. In addition, a mechanical analysis showed that compressive stresses due to high temperature gradients could cause irreversible buckling, creep and yielding of the plate. Experiments showed that in fact the concavity of the plate was prone to increase after testing. Assuming the maximum concavity allowed by the standards, the heat absorbance was halved in respect to a perfectly flat plate. In view of these results, the utilization of the conventional test method still appears clearly more appropriate than the alternative one. [Beitr. Tabakforsch. Int. 28 (2018) 
SUMMARY
This research analysed in detail the performance of the new alternative ignition propensity test prescribed in the standard ASTM E2187-16, which is based on the utilization of a substrate comprising a thin steel plate along with one filter paper. The analysis was performed both experimentally, by means of infrared temperature measurements, and theoretically by using a comprehensive finite element model that was able to predict the temperature of the substrate with errors of only 7.3% and 15.7% in space and time, respectively. While the new alternative test was able to reduce the variability of the heat absorbance from 33% to only 4% with respect to the conventional tests, it showed several downsides that critically reduce its reliability. The heat absorbance of the alternative test did not correctly emulate the conventional procedure as it absorbed as much heat as twice. The gravity effect on the plate increased the air gap thickness more than twice, thereby decreasing potentially the heat absorbance by 13%. In addition, a mechanical analysis showed that compressive stresses due to high temperature gradients could cause irreversible buckling, creep and yielding of the plate. Experiments showed that in fact the concavity of the plate was prone to increase after testing. Assuming the maximum concavity allowed by the standards, the heat absorbance was halved in respect to a perfectly flat plate. In view of these results, the utilization of the conventional test method still appears clearly more appropriate than the alternative one. [ If the cigarette self-extinguishes during such a metal-based ignition propensity test (MIPT), it can be assumed that the risk is lower for a cigarette to cause potential damage when mistakenly left unattended in a typical worst-case scenario, such as smouldering when dropped onto couches or similar furniture. The new MIPT method serves as alternative to the conventional ignition propensity test, which applies not only in the United States of America by means of the ASTM E2187-16, but also at the international level by the ISO 12863 (2) which has been developed based on the ASTM E2187-09. The basis of the conventional cellulose-based ignition propensity test (CIPT) is the same as MIPT except that the thin steel lower plate is replaced by 9 further layers of Whatman® paper No. 2, thus forming in total a stack of 10 filter paper layers. A major reason for establishing such an alternative as MIPT is because of the high costs, large variability and high complexity of the CIPT, namely the smouldering process of cellulose and the uneven flatness of the distinct layers (3). In fact, the CIPT has already been studied from both the stochastic (4-7) and theoretical point of view (3, 8) with different levels of complexity. Sophisticated models have revealed that, regarding the substrate, the thickness of the air gap between the 10 layers of the filter paper, the heat capacity and pyrolysis activation energy govern the overall variability of the test (3) . While the first two parameters may not be critical, because one usually does not expect high variability of heat capacity and activation energy, the air gap thickness becomes less controllable. This is because the paper deforms during the conditioning phase due to natural shrinking and swelling, as well as due to the manipulation necessary to set up the test. Even when intuition suggests that those deformations are very small, the low thickness of one filter paper, along with the distinct thermal properties of air and cellulose produce considerable differences on the heat absorbed by a deformed paper in comparison to a perfectly flat substrate (3) . In addition, the weight of the substrate and cigarette also cause uneven distribution of air gap thickness, thus further increasing the variability of the test (3). Therefore, it seems quite challenging to decrease the variability of the CIPT. As stated by MITLER and WALTON (9), a given substrate influences the IP in three different ways. The first and more obvious reason is that the substrate absorbs some part of the heat released by the cigarette. The more the heat is absorbed, the more likely the self-extinguishment becomes. Thus, a thicker and more conductive substrate is more prone to induce cigarette extinguishment because it absorbs a larger quantity of heat. The second reason, which actually indirectly influences the first, is related to the chemical reactions happening in the substrate during thermal degradation. If reactions are very endothermic, the cigarette is much more likely to cause extinguishment. Research has shown that pyrolysis is a relatively 'neutral' reaction in that it is not largely endo-or exothermic, and char oxidation, even though it is very exothermic, only develops to a small extent because of the low temperatures (3). Thus, evaporation may be considered as the most important reaction in terms of cigarette's heat absorption. Finally, the third reason is that the substrate acts as a barrier for the oxygen to penetrate through and supports the oxidative chemical reactions on the cigarette. The less permeable the substrate is, the more difficult it is for oxygen to diffuse to the cigarette and thus extinguishment becomes more likely. However, as stated by MITLER and WALTON the influence of an airtight substrate is minor, because the largest part of oxygen consumed by the smouldering tobacco column arrives from sides and top air of the cigarette (9) . Given the three influencing factors mentioned above, in principle it is always feasible to test the ignition propensity (IP) of a cigarette with various types of substrates, including airtight inorganic materials. In addition, the presence of only one air gap in the MIPT should significantly decrease test variability as homogeneity is expected to be much better than that of the 10-layer-scenario of the CIPT. Consequently, the MIPT is feasible and may improve conventional IP testing. However, the thermodynamics and experimental details of the CIPT remain rather unknown. While experimental testing has been carried out at several laboratories for including this procedure in the standards (10), the theoretical background and experimental details have not yet been analysed. The objective of this research was to perform a detailed theoretical and experimental analysis as conducted for the CIPT (3) in order to determine the effectivity of the new test against the conventional procedure as well as to identify the key parameters governing the thermodynamics of this alternative test.
NUMERICAL MODEL
The thermodynamics underlying the thermal response of a smouldering filter paper are much more complicated than the response of the steel plate. This is because the latter is a non-charring and nonporous solid, i.e., it does not suffer any chemical reaction and heat is transported solely via conduction. Therefore, the model we used is similar to that of the CIPT except that it also includes a nonporous and non-charring solid representing steel. As details of the CIPT model have been presented elsewhere (3), only the fundamentals are outlined in the following.
Governing equations
The core of the model relies on the assumption that solid, condensed and gas phases are conserved, as well as the involved chemical species, the momentum and the energy. The specific equations, along with their meaning are presented in Table 1 . . Table 2 . Equations used for modelling the reactions of the distinct species.
Species Formation Destruction
Wet filter paper -
Dry filter paper
Vapor -
Char -
Pyrolysates -Total gas -


Reactions and heat sources
Both the evaporation and the pyrolysis reactions are taken into account as well as their associated heat. The char oxidation is not accounted for because previous research demonstrated that temperatures on the IP test are not enough for this reaction to completely develop (3). Consequently, air is only modelled as an inert gas phase and oxidation is not accounted for. The different reactions, as well as condensed and gas species implemented in the model are presented in Figure 1 . The corresponding equations that are used for modelling each reaction are detailed in Table 2 , and the corresponding heat sources are presented in Table 3 .
Physical properties
The physical properties are regarded as averaged properties dependent upon the relative importance of each condensed or gas phase species. The summary of the equations used for averaging each property is given in Table 4 .
Air gap
The air gap thickness between the filter paper and steel plate is considered with a parabolic equation that reflects the 3D-measurements obtained via laser triangulation (3):
where all units are in meters. The modelling of this air gap is accomplished via the classic thin resistive layer such that the air flux through the upper side of the air gap becomes [2] while heat flux through the lower side of the air gap becomes
Yc Table 3 . Heat sources associated with the pyrolysis and evaporation reactions.
Heat source Equation Evaporation
Inert pyrolysis 
This approach made it possible not to explicitly use specific elements for meshing the air gap, which turned out to be very favourable from a computational standpoint.
Boundary and initial conditions
The temperatures of the cigarette (T cig ) were taken from the measurements of BAKER (11) by averaging gas and solid phase temperatures as reported in (8) . Furthermore, a reduction factor of 0.9 was applied to account for the cooling effect of the substrate on the cigarette (3). The final temperatures considered are presented in Table 5 .
The transient (time varying) temperature distribution of the cigarette was taken into account by simply assuming that the tobacco column is aligned with the x axis and that the cigarette's tip moves according to the smouldering velocity such as previously published (8) [4]
A summary of the different boundary conditions considered for solving each conservation equation is presented in Table 6 . These boundary conditions are based on those reported by MITLER and WALTON (9) . The initial conditions considered the ambient temperature and pressure, as well as initial density of the solid species. A summary is shown in Table 7 .
Material data
Most material data of this model was measured experimentally as detailed in (3). The properties of the 302 fullhard stainless steel are well-known and were obtained from literature (12) . The summary of the material data used in this model is presented in the Table 8  The numerals 71, 10, and 61 in the heat boundary conditions were proposed by (9). where the Young's modulus of the steel: [5] the specific heat capacity of the filter paper: [6] the thermal conductivity of the steel [7] and the thermal conductivity of the paper [8] 
Numerical implementation
The model was implemented in the commercial finite element method (FEM) software COMSOL Multiphysics, Comsol AB, Stockholm, Sweden. As stated in (3), the finite volume method (FVM) is more convenient for source dominated partial differential equations as those presented in the Table 1 . Nevertheless, the implementation of the transient boundary conditions of Table 6 is extremely difficult in most FVM codes, therefore the FEM was used instead. The solution procedure involved an iterative generalized minimal residual solver (GMRES) that sequentially solved the distinct governing equations, i.e., 1) momentum, 2) energy, 3) condensed phase, and 4) condensed phase species. Time step was freely selected by the software, such that stepping was based on instantaneous Péclet number, mesh size and residuals. To improve stability and convergence, density was enforced to be positive, and summation of volume and mass fractions must equal unity. The mesh consisted of about 70,000 tetrahedral elements, which comprised 300,000 unknowns for the CIPT that needed to be determined at each time step. Constant shape functions were used for continuity and species conservation, while linear shape functions were used for temperature and pressure equations. Only half of the substrate was modelled due to symmetry conditions (8) , such that the total result could be obtained by mirror reflection respective to the plane containing the contact line between cigarette and substrate. A view of geometry and mesh is presented in Figure 2 .
MODEL VALIDTION
As reported in previous research (3, 8) , the validation of an IP model must be performed against contactless measurements because the test is extremely sensitive to any contact or manipulation. Thus, the validation consisted of measuring the temperature profile via infrared camera at the lower side of the substrate, which reflects the overall response of the substrate after cigarette's heat absorption (8) . Nonetheless, the temperature at the upper side was also measured with the purpose of comparing MIPT and CIPT. Because temperature measurement via IR camera was unfeasible at the lower side of the plate due to brightness, black paint was finely sprayed in order to use the same calibrated emissivity for the whole set of materials. An illustration of the validation layout and typical measurements is shown in Figure 3 . Measurements revealed that, even though the peak temperatures of MIPT and CIPT look similar, two significant differences are noted. First, the gradient of temperature at the upper side of the MIPT is much larger as evidenced by the larger color difference between temperature map of cigarette and substrate. This suggests that MIPT is absorbing the heat much better. Second, the hot area at the lower side of the MIPT is clearly larger than that of the CIPT. Both observations indicate that the substrate in the MIPT is much more thermally conductive than that in the CIPT, and thus in principle the alternative substrate should be prone to absorb more heat from the cigarette. The validation of the model was performed not only against the temperature profile in space, i.e., the temperature values of the lower side of the substrate along a line aligned with the tobacco column, but also in time, i.e., the temperature wave of a given point of the lower side of the substrate during the pass of the cigarette's smoldering tip. Results indicated that the model was fairly precise in predicting the temperature profile of the substrate, both in space and time, as the computed errors were only 7.3% and 15.7%, respectively, see an illustration of the validation results in Figure 4 .
COMPARISON OF HEAT ABSORBANCE
Once the model was validated, the heat absorbance of CIPT and MIPT were compared. In the areas close to the cigarette, the substrate was mostly colder than the cigarette and therefore the heat flux across the substrate's boundaries was positive. Conversely, for most of the areas away from the cigarette the substrate was hotter than the ambient and thus released some heat turning the heat flux negative. The positive heat flux is important, because it actually represents the heat that the substrate is absorbing from the cigarette and as such the release of energy that may cause self-extinguishment. The comparison of the positive heat flux at the upper side of CIPT and MIPT is shown in Figure 5 . The heat flux absorbed by the MIPT was approximately 212% of that from the CIPT as shown in Figure 5 . A closer comparison of the temperature isotherms of both tests showed that the hot area of the MIPT was much larger than that of the CIPT, see Figure 6 , which means that even when both substrates may have had a priori similar thermal capacities, the substrate in the MIPT was much more conductive and therefore able to absorb the heat much better. This finding is consistent with the experimental measurements obtained with infrared camera presented in Figure 3 . 
ANALYSIS AND DISCUSSION OF POTENTIAL VARIABILITY
The overall variability of the MIPT can be seen as caused by the filter paper plus that of the metal plate. As the variability concerning the filter paper has been presented elsewhere (3), this section is focused on analysing the potential variability caused by the stainless steel.
Tolerance of steel plate manufacturing
ASTM E2187-16 prescribes a plate with a thickness of 0.203 mm ± 0.004 mm. Based on the results of an experimental investigation of three major steel manufacturers (10) , those with ± 0.004 mm would imply a discard rate of about 20% of the samples. Computations of the heat absorbed by MIPT with plates of 0.199 mm and 0.207 mm in thickness showed that there is virtually no difference. Thus, the variation expected due to the manufacturing tolerance was negligible.
Air gap thickness
As previously introduced, the expected variability caused by the measured air gap in a CIPT is much higher than that of the MIPT because the latter involves a single air gap layer. Actually, the numerical results indicate that varying the air gap thickness of about ± 50% would only imply a 4% change in the heat absorbed by the substrate in a MIPT, as seen in Figure 7 . This variability is clearly lower than expected as compared to the CIPT, where changes of heat absorbance due to ± 50% of air gap were reported as high as 33% (3) .
Potential deformations of the metal plate
Three nonlinear mechanical phenomena might occur in steel during MIPT: (i) Buckling: When thin sheets of steel are subjected to significant compressive stresses, they tend to buckle. The buckling of steel would significantly increase the air gap thickness causing plate concavity; (ii) Plasticity: Steel yield limit (onset for plastic deformations) strongly decreases at high temperatures (13) , meaning that permanent deformations are much more likely in hot steel. In that case, deformations cannot be recovered after cooling, and the plate would progressively deform in consecutive tests; (iii) Creep: When subjected to constant loading (gravity), steel tends to increase the deformation with time, and this phenomenon is significant at high temperatures (13) . In order to assess the risk of these nonlinear phenomena in increasing steel plate deformations (and thus air gap), a mechanical analysis was performed based on the properties presented in Table 8 . Note that the steel undergoes deformations when heated as per the thermal expansion coefficient. Thus, when the temperature rises in the central hot region of the plate, it expands. The peripheral region of the plate however is colder and does not expand, therefore it constrains the deformation of the central region, causing a significant compressive loading in the centre of the plate. The mechanical implementation was performed in the numerical model as detailed below. Displacements were found by imposing the divergence of stress tensor [9] Strains were then computed form displacements as [10] On the other hand, thermal induced strains are computed using the temperatures of the thermodynamical analysis and thermal expansion coefficient as [11] So the elastic strains can be calculated [12] To finally compute stress by applying the constitutive relationship [13] with [14] being the Poisson's ratio ν = 0.25.
After mechanical computation, it was found that actually the compressive stress in the central part of the plate was close to the steel yield limit, see Figure 8 . This indicates that risk is very high for buckling, yielding and creep to affect the steel plate. All these phenomena have the potential to modify the air gap significantly by progressively and irreversibly increasing plate deformation. During the experiments, it was found that even when the plates were allowed to fully cool after MIPT, concavity of the steel was increasing with subsequent tests. This caused not only a visible increase of the air gap, but also hampered the contact of the cigarette with the substrate in the central region due to concavity, see an illustration of a cigarette during and after MIPT in Figure 7 . Such concavity is has a decisive influence for the reliability of the MIPT. The ASTM E2187-16 states that concavity should not exceed 2 mm in any part of the plate. However, numerical results showed that a 2 mm air gap in between filter paper and steel plate reduces the heat absorbance by 62%, which is problematic. In addition to the effect of an increasing air gap, the concavity of the substrate reduces the intensity of the contact with the cigarette, so that in reality the effect of concaveness on heat absorbance is deemed much higher than 62%.
Rectangular or circular-shaped steel plates
The potential effect of having a rectangular plate of comparable size was computed in order to compare its heat absorbance with respect to a circular plate. Results indicated that there was no difference of using a rectangular plate because the temperatures at the periphery were mostly as low as the ambient and thus the heat flux at the periphery was negligible.
CONCLUSION
A detailed experimental and theoretical analysis of the new alternative ignition propensity test based on the utilization of a thin stainless steel plate was conducted in this investigation. The theoretical analysis was based on a detailed and accurate computational model that considered the most important thermophysical phenomena. It was validated experimentally with full-field infrared temperature measure-ments serving to prove the accuracy of current computational models. The alternative test substitutes the nine lowermost filter paper layers of the traditional test procedure by steel, which compared to filter paper is a homogeneous, non-charring and airtight material. Although in principle the wide availability, homogeneity, manufacturing accuracy and reusability of steel could make this test very attractive, a number of critical downsides were found, both experimentally and theoretically:
• Heat absorbance is largely underestimated. For a flat steel plate, the heat absorbance was more than twice the absorbance of the substrate used in the conventional test due to the high thermal conductivity of steel.
• Filter paper and air gap variability still play a crucial role because the test avoids neither the use of Whatman® paper No. 2 nor the usage of two different layers.
• Plate deformations and air gaps proved to be less controllable than in the conventional test. In addition to the deformation of the filter paper, the steel plate could suffer much larger deformations thus varying the air gap thickness drastically and with that the substrate's heat absorbance. These deformations may not only be caused by gravity but also due to multiple mechanical risks such as buckling, yielding and creep of the plate. This is crucial considering that all these phenomena are more critical at high temperatures, and they are not reversible. While ASTM E2187-16 limits the deformation of the plates to 2 mm, both the experiments and the theoretical model revealed that this deformation is unacceptable because heat absorbance is halved in comparison with the case of a perfectly flat plate and also that the contact between substrate and cigarette is visibly modified. All these observations suggest that the new method does not correctly reproduce the thermodynamics of the conventional method and is less reliable. Therefore, the utilization of the conventional ignition propensity test is recommended until a more reliable method is proposed.
